Objective: To contrast the relationships of hormonal eating peptides and hypothalamic volumes to eating behavior and metabolic changes (body mass index [BMI]) in behavioral variant frontotemporal dementia (bvFTD) and semantic variant primary progressive aphasia (svPPA).
agouti-related peptide (AgRP), and an appetitesuppressing pathway, with key peptides including leptin. 8 Oxytocin, which is produced in the hypothalamus, is an important component of the pathways activated by leptin, and is believed to decrease food intake. 9 Other peptides released peripherally include peptide tyrosine tyrosine (PYY) and cholecystokinin (CCK), and participate by inhibiting food intake. In contrast, AgRP has been found to be a stimulator of increased food intake, by likely antagonism of melanocortin receptor subtypes 3 and 4. 10 An approximately 7-fold increase in CSF AgRP has previously been identified in patients with FTD who have TAR DNAbinding protein 43 (TDP-43) pathology compared to those with tau pathology, an increase associated with the svPPA phenotype. 11 Changes in peripheral eating hormones have not been comprehensively investigated in svPPA, despite the increasing evidence of Figure 1 Peripheral and central pathways and the hypothalamus, controlling appetite and feeding behavior
Interaction of peripheral and central factors controlling appetite. Appetite-stimulating pathway (shown in green) results from ghrelin being released peripherally and targeting neurons of the arcuate nucleus (ARC) of the hypothalamus that contain neuropeptide Y (NPY) and agouti-related peptide (AgRP). An appetite-suppressing pathway involves leptin (shown in red) being released from peripheral adipocytes, which then acts on pro-opiomelanocortin (POMC) and the cocaine-and amphetamine-related transcript (CART) neurons. Peptide tyrosine tyrosine (PYY) and cholecystokinin (CCK), released peripherally, also suppress appetite. AgRP, NPY, POMC, and CART neurons project to act on melanocortin receptors (MCR). POMC is cleaved into a-and b-melanocyte-stimulating hormones that act on melanocortin receptor subtypes 3 and 4 (MCR 3 and 4) to decrease food intake. AgRP stimulates food intake by antagonism of MCR 3 and 4 receptors. Autonomic pathways (black arrow) are also involved in food intake through projections via the brainstem and cerebellum to the hypothalamus. LH 5 lateral hypothalamus; PVN 5 paraventricular nucleus.
eating and metabolic abnormalities in this subtype. 1, 4 15 and the Clinical Dementia Rating (CDR). 16 In addition, 23 healthy controls (spouses of patients or recruited from a panel of healthy study volunteers) were included in the study. Healthy controls scored above 88 of 100 on the Addenbrooke's Cognitive Examination-Revised 17 and 0 on the CDR. 16 Exclusion criteria included significant extrapyramidal features, history of stroke, epilepsy, alcoholism, significant traumatic brain injury, or presence of ferrous metal implants in the body. Patients with an uncertain diagnosis, or where a carer was not available, were excluded.
Eating behavior and physical measurements. Eating behavior. Carers completed the Appetite and Eating Habits Questionnaire (APEHQ) 1,2 and Cambridge Behavioural Inventory (CBI). 18 The APEHQ comprises 34 questions examining changes in eating behaviors (swallowing, appetite, eating habits, food preference, and other oral behaviors). Carers rated frequency on a 5-point Likert scale, ranging from 0 (never) to 4 (daily or continuously), and severity on a 4-point Likert scale, ranging from 0 (not applicable) to 3 (marked) for each behavior. A composite frequency 3 severity score was calculated for each question, as well as an overall score. The 4 questions from the CBI related to eating behavior (sweet preference, same foods, change in appetite, and table manners) were also analyzed. Clinical assessment. Height and weight were measured (shoes removed) and BMI (in kg/m 2 ) was derived. Blood samples were obtained following a 10-hour fast. Sixteen milliliters of blood was collected in 2 serum separating tubes, centrifuged at 3,500 rpm for 10 minutes after resting for 30 minutes. A portion of the serum sample was frozen at 280°C for batch analysis using ELISA technique for leptin, CCK, ghrelin, and AgRP.
An additional sample of 4 mL of blood was collected in an ethylenediaminetetraacetic acid tube. To inhibit protein degradation, 260 mL of aprotinin-bovine (serine protease inhibitor) was added to the whole blood, as was 40 mL of Ile-Pro-Ile (an inhibitor of dipeptidyl peptidase IV). The sample with inhibitors was centrifuged immediately at 3,500 rpm for 10 minutes, then the plasma was extracted and snap-frozen by immersion in liquid nitrogen. The sample was then stored frozen at 280°C for batch analysis exclusively of PYY and oxytocin. The samples were assayed using quantitative ELISA and enzyme immunoassay techniques. Ten percent of the cohort was duplicated in each assay to account for intra-assay variations. Percent coefficient of variation ,10% was accepted as a valid assay.
Measurement of eating peptides. The concentration of leptin in human serum was measured using quantitative sandwich ELISA techniques (Quantikine; R&D Systems, Minneapolis, MN). The optical density of the peptide was measured at 450 nm and the concentration of human leptin was obtained in pg/mL. CCK, ghrelin, and human PYY peptides in human serum was measured using competitive enzyme immunoassay techniques (Sigma-Aldrich, St. Louis, MO). The absorbance was measured at 450 nm and the concentration of the peptide in serum was measured in pg/mL for CCK and PYY and ng/mL for ghrelin. The concentration of oxytocin in human plasma was measured using competitive ELISA techniques (Enzo Life Sciences, Farmingdale, NY). A polyclonal antibody was used to bind to oxytocin in order to determine the concentrations. The absorbance of the end product was measured at 450 nm with wavelength correction at 590 nm. The concentration of oxytocin was measured in pg/mL.
Human AgRP was measured using quantitative "sandwich" ELISA techniques (Aviva Systems Biology, San Diego, CA). The optical density of the end product was measured at 450 nm. The concentration of the AgRP peptide in human serum was measured in pg/mL. Imaging methods. High-resolution (voxel size 1 mm 3 ), 3-dimensional, T1 MRIs were acquired to perform morphometric analyses of the hypothalamus. A second sequence (dual T2 images) was collected to measure intracranial volume to correct for interindividual head size difference. The hypothalamus was manually traced on the T1 images in the coronal plane using previously published, well-defined boundaries. 7 The hypothalamus was defined into 2 equal volumes in the anterior and posterior axis. Anterior and posterior hypothalamus volumes were expressed as a proportion of intracranial volume to correct for individual and sex differences in brain size.
Standard protocols approvals, registrations, and patient consents. This study was approved by the South Eastern Sydney
Area Health District and the University of New South Wales human ethics committees. Written informed consent was obtained from the participants and/or primary carers. Data analysis. Data were analyzed using SPSS statistics version 21.0 (IBM Corp., Armonk, NY). Kolmogorov-Smirnov tests were run to determine suitability of variables for parametric analyses. Analyses of variance, followed by Tukey post hoc tests, were used to determine group differences for the demographic/ clinical (age, Addenbrooke's Cognitive Examination-Revised [ACE-R], FRS), eating (APEHQ, CBI eating, BMI), and brain volumetric (anterior, posterior, and total hypothalamic volumes) variables. Because of nonnormal distribution, group differences in blood concentration of the various peptides were analyzed using Kruskal-Wallis tests followed by post hoc Mann-Whitney U tests corrected for multiple comparisons (p # 0.01 regarded as significant). Spearman correlations were performed to examine the relations of blood peptides, hypothalamic volumes, BMI, eating questionnaire scores, and FRS scores. The relationships between key peptides and hypothalamic volumes with eating behavior and BMI were further explored using multiple linear regression analyses, using hierarchical and enter regression models. Differences in frequency patterns of categorical variables (e.g., sex and global CDR scores) were examined with x 2 tests and post hoc Fisher exact tests (p , 0.05 regarded as significant).
RESULTS
Participant groups did not differ in sex distribution or disease duration (table 1). The control group was older than the bvFTD (p 5 0.040) and svPPA (p 5 0.014) groups. On the ACE-R, patient groups scored lower than controls, as did the svPPA compared with the bvFTD group (p , 0.001). No group differences were detected on global scores of the CDR (p 5 0.102). Finally, the bvFTD group was more functionally impaired relative to the AD dementia group (FRS; p , 0.001).
Eating behavior and physical measurements. Group differences were present on measures of eating behavior (table 2) . The patients with bvFTD showed higher eating disturbance on the APEHQ relative to the AD dementia (p , 0.001) and svPPA (p 5 0.029) groups. The svPPA group also scored higher than the AD dementia group (p 5 0.003). Similarly, on the CBI eating subscale, the bvFTD group scored higher compared with AD dementia (p , 0.001) and svPPA (p 5 0.007) groups. BMI differed across groups, with higher BMI in patients with bvFTD compared to patients with AD dementia (p 5 0.033) and to controls (p 5 0.003) but there was no difference between bvFTD and svPPA groups.
Eating peptide levels. The blood levels for leptin, CCK, ghrelin, PYY, and oxytocin did not differ across groups (figure 2, table e-1 on the Neurology ® Web site at Neurology.org). In contrast, group differences were present for AgRP (H [3] 5 9.2, p 5 0.026), with the bvFTD (mean 5 69 6 89 pg/mL; U 5 129, p 5 0.010) and svPPA (mean 5 62 6 81 pg/ mL; U 5 125.0, p 5 0.004) groups having elevated levels compared with controls (mean 5 23 6 19). The level of AgRP was also elevated compared with the AD dementia group (33 6 25) but did not reach significance.
Hypothalamic volumes. Posterior (F 3,87 5 3.47, p 5 0.020) and total (F 3,87 5 3.92, p 5 0.01) hypothalamic volumes differed across groups, but not the anterior hypothalamic volume (F 3,87 5 2.43, p 5 0.076) (table 2). The bvFTD group had smaller posterior and total hypothalamic volumes than the control (p 5 0.036) and svPPA groups (p 5 0.025), and smaller total volume than the AD dementia group (p 5 0.046). DISCUSSION In this study examining changes in eating peptides and hypothalamic volumes and their relations to eating behavior and BMI in FTD, elevated levels of fasting AgRP were found in both bvFTD and svPPA. In contrast, levels of other peptides involved in the regulation of eating behavior (fasting leptin, oxytocin, CCK, PYY, and ghrelin) did not differ across groups. While an elevated leptin concentration was observed in the bvFTD group, this did not reach statistical significance. Leptin and AgRP levels were found to predict BMI levels, and smaller posterior hypothalamic volumes were found to correlate with higher total CBI eating scores. Existing studies investigating eating behavior in bvFTD have implicated a number of important brain regions: the lateral orbitofrontal cortex, 19 right orbitofrontal-insular-striatal structures, 20 right hemisphere reward circuit regions, and the hypothalamus. 6 Here, we found marked atrophy in posterior and total hypothalamic volumes in bvFTD. These findings suggest a potential contribution of the hypothalamus in regulating eating behavior in bvFTD previously uncovered in a combined in vivo and postmortem investigation. 7 That study showed that posterior hypothalamic atrophy with associated neuronal loss, but intact eating peptide neurons, was most pronounced in bvFTD cases with TDP-43 deposition and not in the cases with tau deposition. 7 The current study is the first to demonstrate that posterior hypothalamic atrophy is specific to bvFTD only, and is not present in svPPA. This finding indicates that hypothalamic atrophy is therefore not directly related to TDP-43 pathology per se, the predominant pathology in svPPA, 21 but may relate to the cellular structures depositing the TDP-43 (affecting neuronal cell bodies in bvFTD but only large processes, such as dendrites or axons, in svPPA). 22 This concept aligns with the APEHQ and CBI eating scores, showing that while abnormal eating behaviors are present in svPPA, they are not as pronounced as in bvFTD. 1 Peptides that control eating behavior have received limited attention in dementia. Decreased ghrelin and cortisol levels, as well as high insulin levels, have been previously reported in bvFTD. 5 Insulin levels, however, were not related to BMI, which could reflect a state of insulin resistance and metabolic change, 4 rather than a role in controlling satiety. High leptin levels were also observed in a small subset of patients with bvFTD (n 5 5) who overate. 5 Another study failed to find significant differences in leptin levels between patients with FTD and those with AD dementia, although the authors suggested that hyperphagic females with FTD may have higher leptin levels. 23 This finding seems paradoxical to the eating behaviors seen in bvFTD, as leptin inhibits food intake. 24 Thus, this evidence, together with our findings relating leptin to BMI, indicate that leptin levels may be a marker of increased adipocyte mass, 25 a consequence of the eating behavior, rather than promoting abnormal eating behavior.
Both bvFTD and svPPA showed elevated levels of AgRP, with AgRP levels being associated with BMI. AgRP is known to be a strong promoter of food intake. 10 Administration of AgRP intracerebroventricularly in rats results in hyperphagia that can last up to 7 days, 26 potentially resulting from inhibition of melanocortin receptors that mediate the activity of the appetite-suppressing pathway. In addition to increasing total food intake in rats, AgRP may also lead to a preference for fat-enriched food, 27 and sucrose in the setting of a high-fat diet. 28 One previous study 11 in FTD has suggested that elevated AgRP in CSF may be related to TDP-43 pathology, a finding likely driven by the numbers of patients with svPPA within that cohort; however, this study did not examine the relationship of this peptide to eating behavior or effect on BMI. The current study points toward an important role of AgRP in the eating abnormalities and metabolic changes 4 possibly by promoting hyperphagia, particularly affecting BMI. This provides a potential avenue of research to target this peptide through the use of biological agents. Of note, while AgRP levels predicted BMI, they were not directly associated with eating behavior per se, possibly reflecting the relatively small sample size and large measure variance. This finding also suggests that its site of action is at a central level driving peripheral biological factors such as BMI, and through interactions with other behavioral variables (e.g., disinhibition) and brain structures (e.g., orbitofrontal cortex), affects eating behavior.
The findings of high AgRP levels along with posterior and total hypothalamic atrophy in bvFTD provide important insights into the different pathologic processes underlying eating behavior in bvFTD and svPPA. In bvFTD, hypothalamic atrophy suggests a number of possible mechanisms that involve the hypothalamic nuclei controlling feeding behavior, including the arcuate and paraventricular nuclei, which both contain AgRP neurons and lateral hypothalamic nuclei. The posterior hypothalamus also contains nuclei controlling autonomic function. Autonomic dysregulation, which is associated with altered responses to hunger and satiety, 29 has been found to be increased in bvFTD. 30, 31 In addition, the hypothalamus has functional projections to the striatum, thalamus, brainstem, orbitofrontal cortex, middle and posterior cingulum, and temporal brain regions. 32 Recent animal studies have also shown that the lateral hypothalamus connects to the reward centers in the ventral tegmental area, which may mediate sucrose preference. 33 The hypothalamus is therefore densely connected to many of the areas involved in reward processing that may also influence eating behaviors. 32 Many of these brain regions also undergo pathologic changes in bvFTD, 32, 34 potentially disrupting reward feedback between these centers and the hypothalamus, leading to changes in eating behavior. The hypothalamus is also involved in a number of other functions including pain, temperature regulation, 30 and sleep, 35 all of which are dysregulated in bvFTD, reinforcing the pivotal role for the hypothalamus underlying bvFTD symptomatology.
In svPPA, the absence of hypothalamic atrophy suggests that the high AgRP levels interact with intact hypothalamic structures and that changes in eating behavior are peripherally driven or may involve additional brain structures and reward centers. This may account for the differences observed in eating behavior between bvFTD and svPPA, including the rigid food choices. These findings highlight the multifactorial nature of eating abnormalities in FTD.
Further research is required to delineate the functional architecture of these neural networks and how differential disruption of the networks relates to eating disturbances in FTD. Future studies will need to examine changes in hormonal peptide levels and hypothalamic volumes over the course of the disease. Similarly, research will be required to determine the relationships between AgRP and other metabolic variables including glycemic control and diurnal variation, which may have contributed to the large withingroup variances in AgRP levels observed in this study. We suggest that convergent approaches synthesizing ecologically valid tasks with neuroimaging metrics will prove pivotal in clarifying neural substrates of eating network deficits. The changes in peripheral hormones (AgRP) and the direct relationship to high BMI (AgRP and leptin) suggest that biological agents targeting AgRP and/or leptin may assist in modifying metabolic changes associated with overeating.
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Comment: Toward a physiology of eating disorder in frontotemporal dementia
Abnormalities of eating behavior, of which there are a variety, are signal features of frontotemporal dementia (FTD), as exemplified by their stipulation in contemporary diagnostic criteria. The study by Ahmed et al. 1 examines physiologic correlates of eating disorder in behavior-variant FTD (bvFTD) and semanticvariant primary progressive aphasia (svPPA) by analyzing linkages among body mass index (BMI), peptide hormones, and hypothalamic volumes. 1 The contrasts with Alzheimer disease (AD) are informative, but more might have been learned from comparisons with counterparts who did not have an eating disorder.
The higher BMI values in bvFTD and svPPA (vs AD) were correlated with the high eating behavior scores and serum concentrations of leptin and Agouti-related peptide (AgRP). Eating behavior scores were not linked to peptide concentrations or hypothalamic volume, despite the bvFTD group's posterior hypothalamic atrophy. The regression models showed only that serum peptides explained 45% of the variance in BMI scores, and bvFTD 19% of the variance in eating behavior scores.
These findings, considered alongside established homeostatic functions, suggest that eating disorder in bvFTD, typically hyperphagia, relates to high concentrations of AgRP (whereas leptin elevations are responses to high BMI). The hypothalamic atrophy in bvFTD is intriguing. As other data suggest hypothalamic atrophy in bvFTD spares the neurons that produce AgRP, 2 linking loss of local inhibitory inputs to hyperphagia is plausible. The svPPA group did not have hypothalamic atrophy, seemingly a contradiction, but abnormally stereotyped eating is typical so extrahypothalamic mechanisms may be more pertinent.
This study provides impetus for studies of FTD eating disorder physiology. Future work might clarify effects of glycemic status, circadian rhythms, and other metabolic factors, and study neuroanatomical correlates by way of comparisons with counterparts who do not have an eating disorder.
